The synthesis of leukotriene B 4 from arachidonic acid requires the sequential action of two enzymes: 5-lipoxygenase and leukotriene A 4 hydrolase. 5-Lipoxygenase is known to be present in the cytoplasm of some leukocytes and able to accumulate in the nucleoplasm of others.
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Summary
The synthesis of leukotriene B 4 from arachidonic acid requires the sequential action of two enzymes: 5-lipoxygenase and leukotriene A 4 hydrolase. 5-Lipoxygenase is known to be present in the cytoplasm of some leukocytes and able to accumulate in the nucleoplasm of others.
In this study, we asked if leukotriene A 4 hydrolase co-localizes with 5-lipoxygenase in different types of leukocytes. Examination of rat basophilic leukemia cells by both immunocytochemistry and immunofluorescence revealed that leukotriene A 4 hydrolase, like 5-lipoxygenase, was most abundant in the nucleus, with only minor occurrence in the cytoplasm. The finding of abundant leukotriene A 4 hydrolase in the soluble nuclear fraction was substantiated by two different cell fractionation techniques. Leukotriene A 4 hydrolase was also found to accumulate, together with 5-lipoxygenase, in the nucleus of alveolar macrophages. This result was obtained using both in situ and ex vivo techniques. In contrast to these results, peripheral blood neutrophils contained both leukotriene A 4 hydrolase and 5-lipoxygenase exclusively in the cytoplasm. Following adherence of neutrophils, 5-lipoxygenase was rapidly imported into the nucleus while leukotriene A 4 hydrolase remained cytosolic. Similarly, 5-lipoxygenase was localized in the nucleus of neutrophils recruited into inflamed appendix tissue, while leukotriene A 4 hydrolase remained cytosolic. These results demonstrate for the first time that leukotriene A 4 hydrolase can be accumulated in the nucleus, where it co-localizes with 5-lipoxygenase. As with 5-lipoxygenase, the subcellular distribution of leukotriene A 4 hydrolase is cell specific and dynamic, but differences in the mechanisms regulating nuclear import must exist. The degree to which these two enzymes are co-localized may influence their metabolic coupling in the conversion of arachidonic acid to leukotriene B 4 .
Introduction
Leukotriene B 4 (LTB 4 )
2 is a lipid mediator with important roles in immune defense, inflammation and disease. For example, LTB 4 stimulates chemotaxis (1), adhesion to endothelium (2, 3) , degranulation (4, 5) , superoxide anion generation (6, 7) and phagocytosis (8) by neutrophils (PMNs). The overproduction of LTB 4 plays a role in the pathogenesis of a variety of inflammatory diseases, including glomerulonephritis, rheumatoid arthritis, psoriasis, inflammatory bowel disease, acute lung injury, and interstitial lung disease (9-11).
The first step in the synthesis of LTB 4 from arachidonic acid (AA) is mediated by the enzyme 5-lipoxygenase (5-LO), which catalyzes the insertion of molecular oxygen into AA to form 5-hydroperoxyeicosatetraenoic acid as well as its subsequent dehydration to LTA 4 (12, 13) .
LTA 4 is then modified by the epoxide hydrolase activity of the enzyme LTA 4 hydrolase to generate LTB 4 (14) . Independent of its epoxide hydrolase activity, LTA 4 hydrolase also has an aminopeptidase activity (15, 16) .
Several studies have demonstrated that 5-LO is present in the cytoplasm of some cell types and in the nucleoplasm of others (17) (18) (19) . For example, 5-LO is found in the cytoplasm of peripheral blood neutrophils (17) but predominantly in the nucleoplasm of alveolar macrophages and rat basophilic leukemia (RBL) cells and mast cells (17) (18) (19) . Furthermore, 5-LO can be induced to move into the nucleus following various stimuli. For example, 5-LO moves into the nucleus of PMNs following adherence to surfaces or recruitment from the blood into sites of inflammation (20) . Similarly, 5-LO moves into the nucleus of eosinophils following adherence (21) or in response to treatment with cytokines (22, 23) . None of the above phenomena are associated with enzyme activation. However, following cell stimulation, 5-LO moves from its site in the cytoplasm or nucleoplasm to become reversibly associated with the nuclear envelope and endoplasmic reticulum (24, 25) . The process of membrane association is calcium dependent (26) and is thought to be essential for the catalytic action of 5-LO. some preparations were counterstained with Harris' hematoxylin.
Indirect immunofluorescent staining was performed as described previously (28) fluorescently labeled using diamidino-2-phenylindole (DAPI). Samples were viewed with a Nikon Eclipse E600 microscope and imaged with a SPOT Slider digital camera using SPOT Advanced software. Confocal microscopy was performed using a Zeiss LSM 510 microscope equipped with LSM software.
Fractionation and immunoblotting -Enucleation was performed essentially as described (17) .
Briefly, PBS-washed RBL cells ( An aliquot of the nucleoplasts was sonicated and centrifuged at 100,000 x g, 60 min, 4°C to obtain nuclear soluble and nuclear pelletable fractions. Aliquots of cytoplasts and nucleoplasts were also examined for trypan blue exclusion, counted and stained for tubulin by indirect immunofluorescence and for DNA with DAPI.
Nitrogen cavitation was as described (17), with PBS-washed cells suspended in ice-cold TKM buffer with protease inhibitors at 10 7 cells ml -1 and subjected to nitrogen at 350 psi, 5 min, Page 9 4 Hydrolase in RBL Cells -The subcellular distribution of LTA 4 hydrolase, as well as 5-LO, was determined first in the RBL-1 cell line, which can generate significant amounts of LTB 4 (30) . By immunocytochemistry, positive staining for LTA 4 hydrolase was evident in both the cytoplasm and nucleus, with the nucleus staining more intensely than the cytoplasm (Fig.1) . Essentially identical results were obtained for 5-LO: weak positive staining was present in the cytoplasm, whereas the nucleus showed much stronger staining. Cells probed in parallel with non-immune serum did not demonstrate any staining.
RESULTS
Subcellular Localization of LTA
Indirect immunofluorescent microscopy was used as a second approach to localize LTA 4 hydrolase and 5-LO in individual cells: it avoids potential artifacts due to endogenous peroxidase activity, as may occur with immunocytochemistry, and it allows dual staining for DNA. By this method, the cytoplasm stained poorly for LTA 4 hydrolase and 5-LO, while the nucleus stained strongly for both (Fig. 1 ). Nuclear staining with DAPI supported localization of both LTA 4 hydrolase and 5-LO to the nucleus. Curiously, the overlay of rhodamine and DAPI signals showed both overlapping and distinct signals for both enzymes, suggesting that the distribution of either enzyme was identical neither to the DNA distribution nor to that of the other enzyme. hydrolase was found to co-localize with DNA within the nucleus (Fig. 2) . However, as (Fig. 3A) . As shown previously (17) , nucleoplasts from RBL cells contain 5-LO in both soluble and pelletable fractions. In contrast, LTA 4 hydrolase is restricted to the soluble phase of RBL nucleoplasts (Fig. 3A) .
(Figure 3 here)
We have previously demonstrated that, under proper conditions, nitrogen cavitation can effectively disrupt cells while maintaining nuclear integrity (17) . When this is done in the absence of calcium, 5-LO protein is most abundant in the cytosolic and nuclear soluble fractions, although it is also detectable in membrane and nuclear pelletable fractions ( Fig. 4A and (17,28) ).
By this technique (and in the same fractions), LTA 4 hydrolase is also predominantly in the Page 11 cytosolic and nuclear soluble fractions, although minor amounts can also be detected in the membrane fraction (Fig. 4A ).
Because 5-LO can undergo calcium-dependent membrane association following cell stimulation (24,31) and because 5-LO and LTA 4 hydrolase function sequentially in LTB 4 synthesis, it was of interest to determine if LTA 4 hydrolase could demonstrate either calciumdependent membrane association or membrane association following cell stimulation. As expected, when cells were fractionated in the presence of calcium, the majority of 5-LO protein was found to be associated with the membrane and nuclear pelletable fractions (Fig. 4A ).
However, in the same samples, LTA4 hydrolase remained predominantly soluble, with a distribution among fractions that matched that found in cells not given calcium. When intact RBL cells were stimulated with 1 µM A23187 for 5 min, immunfluorescent detection showed that 5-LO appeared to translocate to nuclear membranes, whereas no change in intranuclear distribution of LTA 4 hydrolase was found (Fig. 4B ). hydrolase was present in the cytoplasm but absent from the nuclei, which were light blue due to counterstaining with hematoxylin. Staining for 5-LO in AMs within a serial section was, like that for hydrolase, heaviest within the nucleus but also evident within the cytoplasm. In serial sections probed with non-immune serum, brown staining was negligible.
( Figure 5 here)
The subcellular distribution of LTA 4 hydrolase was also assessed in AMs isolated from the lung by lavage. By indirect immunofluorescent microscopy, LTA 4 hydrolase, like 5-LO, was accumulated within the nucleus, although light staining for both enzymes was also detectable within the cytoplasm (Fig. 6 ). Nuclear localization within given fields was confirmed by positive staining with DAPI. Previously, we have shown that 5-LO is found predominantly in the cytosolic and nuclear soluble fractions of AMs broken by nitrogen cavitation (28) . Similarly, LTA 4 hydrolase was most abundant in the same fractions of rat AMs broken and fractionated in the same way (Fig. 7) . (20) . When peripheral blood PMNs were maintained in suspension and probed for LTA 4 hydrolase as well as 5-LO protein by indirect immunofluorescent microscopy, both proteins were found to be exclusively cytosolic (Fig. 8) . When PMNs were allowed to adhere to a fibronectin-coated Page 13 surface for 30 min, 5-LO accumulated strongly within the multi-lobed nuclei, whereas LTA 4 hydrolase remained outside the nucleus (Fig. 8 ).
( Figure 8 here)
The subcellular distributions of LTA 4 hydrolase and 5-LO in PMNs were also determined in situ, using immunohistochemistry applied to tissue sections. In PMNs situated in vessels in healthy rat lung, positive staining for 5-LO (Fig. 9A ) and LTA 4 hydrolase (Fig. 9B ) was restricted to the cytoplasm. When sections of tissue from inflamed appendix were probed for 5-LO, strong nuclear staining of recruited polymorphonuclear cells was evident ( The finding that LTA 4 hydrolase can accumulate in the nucleus of AMs and RBL cells is particularly surprising, since the current thought is that this enzyme is exclusively cytoplasmic.
Indeed, the current characterization for this protein in the Swiss-Prot databank gives its subcellular distribution as "cytoplasmic". Consistent with this characterization, epithelial and mesenchymal cells in Figs. 5 and 9 lack nuclear staining for LTA 4 hydrolase. This suggests that only certain cell types may show nuclear import of LTA 4 hydrolase.
Nuclear import of small molecules may proceed by diffusion, whereas nuclear import of larger molecules, like the 69 kD LTA 4 hydrolase, requires the presence of a nuclear import sequence, which typically consists of a cluster of basic amino acids (32). Not surprisingly, LTA 4 hydrolase has several such clusters, most notably at (human) 186RKIYK. Interestingly, one of the structural domains of LTA 4 hydrolase, noted by Haeggstrom and colleagues (33), features armadillo repeats. These structural elements are also found on the nuclear import-mediating These results indicate that the nuclear import of LTA 4 hydrolase is a regulated event that only occurs in some cell types under specific conditions. LTA 4 hydrolase is ubiquitously expressed in non-leukocytic cell types as well, and its import in such cell types remains to be evaluated.
Furthermore, failure to correctly regulate the subcellular distribution of LTA 4 hydrolase may play a role in disease. These possibilities will be the subject of future investigations. hydrolase. DAPI was used to stain nuclei. by guest on October 1, 2017
